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Abstract

Graphene has shown excellent tribological behaviors, enabling its potential applications as
lubricating and anti-wear coatings, however, the grain boundaries (GBs) formed during the
preparation process may deteriorate the performance of graphene. Using large-scale molecular
dynamics simulations, we study the wear mechanism of graphene GBs with various
misorientation angles between two grains. Compared with pure nanoindentation at the GBs,
the critical load of wear failure upon nanoscratching across the GBs is much lower due to the



Corresponding author. Tel: +86-010-62788310. E-mail: mtb@mail.tsinghua.edu.cn

(Tianbao Ma)


Corresponding author. Tel: +86-010-62781385. E-mail: luojb@mail.tsinghua.edu.cn

(Jianbin Luo)
1

synergetic actions of interlocking and pushing between the tip and graphene atoms. The
misorientation angle between the adjacent grains significantly effects the onset and fashion of
atomic-scale wear. Results show that wear resistance of the graphene with large-angle GBs is
slightly lower than that of pristine graphene. Nevertheless, a number of the long bonds emerge
in the vicinity of the low-angle GBs during scratching, leading to wear failure at much smaller
load than the large-angle GBs. Furthermore, wear resistance of the low-angle GBs can be
enhanced by increasing the interfacial strength between graphene and substrate due to the
reduced number of the long bonds at the GB. This study sheds light on improving wear
resistance of graphene coating by properly controlling its microstructures.

1. Introduction

Graphene is an atomically thin layer of sp2 covalently bonded carbon atoms packed into a
honeycomb lattice. Due to its remarkable mechanical [1-3], lubricating [4-6], and most recently
superlubricity properties [7-9], graphene has the potential applications to serve as anti-wear
material and coating for micro- and nanoelectromechanical systems (MEMS/NEMS).
Considerable endeavors have been made to investigate nanoscale wear mechanism of graphene
by atomic force microscopy (AFM) experiments and molecular dynamics (MD) simulations.
Vasić et al. [10, 11] attributed wear of graphene to the graphene edge, where graphene is easily
peeled-off with increased lateral force due to stable wrinkles formation. Qi et al. showed that
due to the atom-by-atom adhesive wear and peeling induced rupture, the graphene step edge
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shows much weaker wear resistance, lowering the load carrying capacity of graphene by 2
orders of magnitudes as compared with that in the interior region [12]. The wear resistance of
the step edge can be improved at humid environment as the dangling bonds of carbon atoms
are passivated [13]. Atomic roughness of the contacting surfaces can induce inhomogeneous
local contact pressure fluctuations, which also lead to a decline in wear resistance of graphene
[14, 15]. Klemenz et al. proposed that graphene coating on the indenter can mitigate the effect
of atomic-scale indenter roughness and eliminate its influence on nanoindentation
measurement [16]. An effective way of suppressing such an inhomogeneous pressure
distribution and enhancing wear-resistance of graphene is to coat graphene on both sides of the
sliding interface as predicted by MD simulations [14], which has been verified by experiments
[17, 18]. Thickness is another factor influencing the anti-wear performance of coatings. In
general, the increasing number of graphene layers can mitigate the local stress fluctuations,
improving wear resistance of graphene coating [19]. Vasić et al. [19] argued based on their
AFM experiments that a minimum of 5 nm (roughly 15 layers) thickness is necessary for wear
protection. Stone-Wales (SW) type defects and vacancy type defects also play important roles
in tribological behaviors of graphene. Sun et al [20] showed that higher potential barriers
induced by SW or vacancy defect on the surface layer of graphene can result in the increase of
friction. Moreover, vacancy defect induces the exposure of dangling bonds, which may lead to
severe wear [14].

As growing large-area single-crystalline graphene is still a big challenge by chemical vapor
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deposition(CVD) [21, 22] and epitaxial growth [23], graphene coatings are usually composed
of grains with different sizes and orientation angles, and grain boundaries (GBs) are formed
when any adjacent grains merge during the growth [24]. The polycrystalline structure of
graphene has been considered to be detrimental to the strength of graphene [25-29], so it is
significant to identify the roles of grain boundaries in nanoscale wear of graphene for potential
anti-wear applications. Sha et al. studied the nanoindentation of polycrystalline graphene,
where the failure behaviors is found to be critically dependent on the indentation site, including
grain center, grain boundary,, grain boundary triple junction, and holes [30]. Kavalur and Kim
studied the influences of polycrystalline structures on the interlayer friction of graphene by MD
simulations. Their results showed that the grain boundaries of polycrystalline graphene with
certain misorientation angles lead to an increase of friction. However, the study on nanoscale
wear mechanism of the grain boundary structure is urgently needed to provide guidelines for
improving the anti-wear performance of graphene layer.

In this study, MD stimulations are carried out to investigate the roles of grain boundaries in
nanoscale wear of graphene. Bicrystal graphene monolayers with representative armchair- and
zigzag-oriented grain boundaries in various misorientation angles were constructed according
to previous experimental and theoretical findings [31-35]. To model an AFM nanoscratching
test on graphene [19], a nanoscale tip with a constant load was forced to slide on the monolayer
graphene supported on the surface of SiO2. The synergetic interlocking and pushing interaction
between the tip and graphene atoms during the nanoscratching process enables the breaking of
4

the carbon-carbon bonds and fracture of graphene under much less normal load than pure
nanoindentation. It is shown that the discrepancies of wear resistance between the low- and
large-angle GBs mainly originates from the number of the long bonds around the GBs. Based
on the above analysis, we propose that an increase in the interfacial strength between graphene
and substrate can help mitigate the weakening effects of the grain boundaries and improve the
wear resistance of polycrystalline graphene.

2. Simulation methods

By transmission electron microscopy (TEM) and scanning tunneling microscopy (STM)
characterizations of the CVD-grown graphene [36, 37] and epitaxial graphene [38, 39], the
GBs are found to be predominantly composed of the pentagon-heptagon pairs or the 5-7 defects
with strain-induced hillocks along the GBs [38, 40]. Following the coincidence site lattice (CSL)
theory proposed by Carlsson et al [41], we generated bicrystal graphene monolayer with six
representative grain boundaries (GBs) in various misorientation angles θ as shown in Fig. 1(a)(f). A series of coincidence points with a regular periodicity along a line can be found for the
specified misorientation angle. Cutting the two graphene sheets along the line and removing
unwanted atoms yields an initial form of a GB. The conjugate gradient method was used to
minimize the potential energy and generate the optimized structures of the GB. More details
with regard to the procedure of grain boundary generation can be found in Ref. [41]. In this
work, the zigzag-oriented GBs in Fig.1(a)-(c) are denoted by ZZ-51, ZZ-132 and ZZ-217,
5

where 51, 132 and 217 correspond to the misorientation angles of θ = 5.1°, θ = 13.2° and θ =
21.7°. Correspondingly, the armchair-oriented GBs with the misorientation angles in Fig.1(d)(f), θ = 17.9°, θ = 21.8° and θ = 27.8°, are indicated by AC-179, AC-218 and AC-278. The
pristine armchair and zigzag graphene samples are denoted by AC-0 and ZZ-0, respectively.

Fig.1. Atomic structures of grain boundaries in (a-c) armchair-oriented and (d-f) zigzagoriented graphene with different misorientation angles. 5- and 7-membered rings are colored
in red and purple, respectively. (g) Atomistic model of a DLC tip sliding against a monolayer
graphene layer with a GB supported by a SiO2 substrate.
6

A schematic of our atomistic model is illustrated in Fig. 1g. In the model, a hemispherical
amorphous carbon (a-C) tip with a radius of 3nm is sliding against monolayer graphene with a
GB supported by a deformable substrate of amorphous silicon dioxide. The tip was obtained
by cutting a hemisphere from the a-C solid prepared by high-temperature quenching and rapid
cooling based on a previous method [42]. The tip is treated as rigid with 8808 carbon atoms
and coupled with normal and lateral springs for incorporating the cantilever compliance in an
AFM system. The normal spring is used to apply constant load with a stiffness of 48 N/m,
while the lateral spring is used to drag the tip along the x direction with a stiffness of 64 N/m
[12]. The dimensions of the graphene sheet and the SiO2 substrate are roughly 24.4 nm×22.0
nm in the x and y directions, and 25.9 nm×22.9 nm×10.5 nm, respectively. The SiO2 substrate
contains 307558 oxygen atoms and 153682 silicon atoms, respectively. For pristine graphene
and GB-containing graphene layers, the number of carbon atoms ranges from 20064 to 20875.
For the scratching case, the initial distance between the tip apex and the GB are 5 nm along the
x direction. This distance is chosen to mitigate any influences on the GBs owing to the loading
process before scratching. The total sliding distance of the tip is 8 nm, which ensures that the
tip scratches across the GBs completely. For the case of indenting, the tip is positioned right
above the GB. Periodic boundary conditions are applied along the x and y directions. The atoms
in the bottommost of the substrate are fixed. To constrain translational motion of the whole
graphene layer, the carbon atoms at the edge are fixed along the x and y directions but move
freely along the z direction. The Nosé-Hoover thermostat was employed to the free atoms,
7

maintaining a system temperature of 300K. The Nosé-Hoover thermostat was employed to the
free atoms according to previous work [12, 13], maintaining a system temperature of 300K. It
should be noted that the thermostat is typically applied only to the atoms away from the contact
region in friction simulations [43]. Comparing with an alternative approach as shown in Fig.
S1, the present thermostat scheme does not show artificial effects on the simulation results.

The interatomic interactions within graphene were modeled by a REBO2+S potential, which
has been developed to accurately capture C-C bond-breaking events by using screening
functions [42, 44] and estimate the tensile strength of graphene [2]. A Tersoff potential with
optimized parameter sets for Si-O system [45] was used to describe the interactions within the
SiO2 substrate. Interactions between graphene, SiO2 substrate and a-C tip were modeled by
Lennard-Jones potentials. For C-C interactions between graphene and a-C tip, the parameters
of σ = 0.34 nm and ε = 2.84 meV were used [14, 46]. For C-O and C-Si, we used the parameters
given in Qi’s work [12], rendering the work of adhesion between graphene and the substrate
comparable to the experimental data[47]. Before loading, the whole system was allowed to
relax for 50ps at 300 K using the NVT ensemble. Due to different bond pre-strain of 5-7 defects
along the GBs, the average heights of the GB buckling on the SiO2 substrate for AC-179, AC218 and AC-278 are 0.22 nm, 0.18 nm and 0.02 nm, respectively. For the GBs of ZZ-51, ZZ132 and ZZ-217, the average heights are 0.26 nm ,0.22 nm and 0 nm, respectively. For both
indenting and scratching, the tip apex was initially placed 2 nm above the graphene layer,
ensuring there are no interactions between the tip and the graphene layer during relaxation. A
8

series of normal loads were applied with an interval of 10nN. At each load, we relaxed the
system for 10ps. The tip was dragged by the lateral spring at a constant speed of 20m/s under
the constant load. To evaluate the effects of scratching and indenting positions on the results,
the tip was forced to scratch along three lines, and indent three points on the graphene layer as
shown in Fig. S2, which yield the similar critical normal loads as shown in Table S1 and S2.
Without further mention, the following results are based on scanning line 1 and indenting point
1. All simulations were performed by using LAMMPS [48].

3. Results and discussion

3.1 Wear mechanism of graphene with GBs

To study the effects of GBs on wear resistance of graphene, we start with scratching each GBcontaining graphene layer and identifying critical normal loads for wear failure. Here, the wear
failure was characterized by the emergence of permanent breaking of C-C bonds, according to
previous definitions [2, 14, 49]. The normal loads were gradually increased by 10 nN for each
scratching until wear occurs. It has been shown that pristine mono-layer graphene supported
on the substrate could lead to a reduction of friction [2, 19, 50]. Scratching on the substrate
covered with the graphene layer at the normal load below 100 nN results in extremely low
friction as shown in Fig.2, which is consistent with previous report [2]. It is also shown in Fig.2
that average friction force at the normal load below 300 nN is much lower on the GB-containing
graphene layer than that on the SiO2 substrate, indicating that the GB-containing graphene may
9

still act as a solid lubricant at the small load. The abrupt increase of the friction force in Fig.2
indicates breaking of C-C bonds, rupture of graphene at the critical normal load corresponding
to each GB model. From Table 1, the critical normal loads on ZZ-51 and AC-179 GBs are
reduced by 24% and 27%, respectively, as compared to the corresponding pristine graphene.
For ZZ-217, AC-218 and AC-278 GBs with the misorientation angles larger than 20°, however,
the critical normal loads are very close to those of pristine graphene.

Table 1. Critical normal load Fc for armchair- and zigzag-orientated graphene.

Fc(nN)

AC-0
420

Armchair-oriented
AC-179 AC-218
320
400

AC-278
410

ZZ-0
440

Zigzag-oriented
ZZ-51 ZZ-132 ZZ-217
320
370
400

Fig.2. Average friction force as a function of normal load for scratching simulations on bare
SiO2, pristine graphene and graphene with GBs.
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Fig.3. Variations of the long bonds at the contact region at 320 nN for different GBs. (a-b)
Distribution of the long bonds for AC-179, AC-218 and AC-278 at two sliding distances of
3.75nm and 4.45nm, respectively. The critical bonds (green) are numbered, and they are
encircled with their neighbor long bonds (red) by dashed lines. 5-7 defects along the GBs are
colored in grey. (c) Average (within interval of 0.1nm) of the number of long bonds as a
function of sliding distance before AC-179 starts to break. The tip sliding initiates at a distance
of 5 nm towards the GB. (d) Length of bond 1-3 in (a) and (b) as a function sliding time.
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The lower strength of the low-angle GBs under the uniaxial tensile loading was ascribed to the
higher pre-strain of the critical bonds shared by the heptagon and hexagon rings for a wide
range of temperature and strain-rate [31, 33]. Unlike the uniaxial tensile loading, the graphene
layers here suffered from much more complex local stresses and strains under tip scratching
within the contact area. Therefore, we believe that there are other mechanisms controlling
angle-dependent wear failure of the GB-containing graphene layers. For better comparison, the
AC-218 and AC-278 were also scratched at a normal load of 320 nN which is the critical load
for AC-179. The number of the C-C bonds with bond length longer than 0.160 nm in the contact
area was calculated and tracked during the scratching process for AC-179, AC-218 and AC278. The critical bond length defined here is very close to the longest pre-strain bond among
the relaxed GBs (0.153 nm). The contacting atoms of graphene were identified as those
separated less than 0.4nm from the tip atoms [51, 52]. The distribution of the long bonds at two
specified sliding distances were first characterized. It is shown in Fig.3a-b that most of the long
bonds for AC-179 emerge at the side of the GB critical bonds. At the sliding distance of 4.45
nm as shown in Fig.3b, there are three and seven of neighbor long bonds for bond 1 and bond
2 of AC-179, respectively. In contrast, only one long bond is in the vicinity of bond 3, and the
distribution of the long bonds for AC-218 is relatively scattered in the contact area as shown in
Fig.3b. In order to explore the roles of the GBs in the variations of the long bonds, furthermore,
we calculated the average number of the long bonds during the whole scratching process. It is
found in Fig 3c that the average number of the long bonds for both AC-179 and AC-218
12

increases as the tip approaches the GBs, but the number of the long bonds of AC-179 becomes
larger than that of AC-218 after the sliding distance reaches 4 nm. For AC-278, there are only
fluctuations in the number of the long bonds in Fig.3c. Since the C-C bond lengths of the 5-7
defects in AC-278 are comparable to those of the hexagon rings [31], AC-278 has the least
effects on the variations of the long bonds during the tip scratching among the armchairoriented GBs as shown in Fig.3a-c. Based on the above analysis, failure of graphene with AC179 at 320 nN is attributed to a number of the long bonds assembled in the vicinity of the GB
critical bonds. Those long bonds enable permanent breaking of bond 1 and bond 2 as shown in
Fig.3d. For AC-218, however, it is observed in Fig.3d that bond 3 reforms after the tip scratches
over the GB at the same normal load, and there is no further damage. We also conducted similar
analysis of the distribution and the number of the long bonds for ZZ-51 and ZZ-217, which
confirms that the accumulation of “long bonds” in the vicinity of the GBs leads to the lower
wear resistance of the low-angle GBs (see detail in Supporting Information section 3).

3.2 Comparison between scratching and indentation upon graphene with GBs

The distribution of the long bonds analyzed in section 3.1 can be used to understand wear
resistance of the GBs with various misorientation angles. In this section, we explore the role of
scratching action in nanoscale wear of GB-containing graphene. For the case of indentation
shown in Fig.4a, the tip was initially placed above the GB and the stepped loads were applied
until the graphene breaks. For pristine armchair-oriented and zigzag-oriented graphene, the
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breaking loads are respectively 530 nN and 520 nN, which is close to 501 nN predicted by
previous molecular mechanics simulations [2]. In contrast, the simulation model for scratching
is shown in Fig.4b. It is interesting to note that the critical normal loads of all GBs for
indentation are larger than those for scratching as shown in Fig.4c and 4d. That is to say,
scratching imposes a harsher working condition for graphene. For GB-containing graphene,
the critical normal load for indentation increases with the misorientation angle as shown in
Fig.4c and 4d.

Fig.4. Schematic representations for (a) indenting upon the GB and (b) scratching across the
GB. Critical normal loads of failure for (c) armchair-oriented and (d) zigzag-oriented GBs.
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As shown in Fig.5a, ZZ-132 deforms with several breaking bonds in the contact region under
indentation, and the difference in the relative displacement of the atoms indicates it is stretched
locally along the x direction. For scratching, on the other hand, the graphene deforms plastically
under the same load of indentation after the tip scratches to the position of the GB as shown in
Fig.5b. In contrast with indentation, the graphene atoms in the contact region during the
scratching process all displace forwards along the x direction due to the action of pushing from
the tip atoms. It should be noted that the graphene layer also undergoes local stretching as the
relative displacement of the contacting atoms are not uniform as shown in Fig.5b.

Fig.5. X-component of relative displacements of each atom with regarding to their initial
positions for (a) loading normally upon ZZ-132 and (b) shearing perpendicularly across ZZ132 grain boundary both at the load of 370 nN. Dashed circles indicate the edge of the contact
region between the graphene and the tip.

We found that the co-action of interlocking and pushing between the tip and graphene atoms
15

during the scratching results in the discrepancy of critical normal load between scratching and
indentation. The atomistic interlocking could cause high friction during sliding as the tip atoms
are trapped into hollow positions of graphene [14, 46, 51]. Here, two damage mechanisms are
induced by the co-action of interlocking and pushing. During the scratching process, the tip
atoms will firstly fall interlocked in the graphene lattice. As shown in Fig. 6, at t=252.0 ps,
atom B of the tip is interlocked above the bond between carbon atoms 2 and 3 of the graphene
layer. Then at t=258.0 ps atom B exerts lateral forces along the sliding direction and break the
bond between atoms 2 and 3, and then move forwards. Meanwhile, atom 1 is pushed by atom
A with the force of 4.4 nN. The pushing forces on atom 1 and atom 2 together lead to the lateral
movement of the carbon chain connecting with them and consequently the breaking of the bond
nearby (indicated by black dotted circles in Fig.6). Similarly, at t=269.2 ps, atom C exerted a
large force of 7.0 nN to atom 5, resulting in the breaking of the bond between atom 4 and atom
5. This interlocking-pushing behavior happens repeatedly during the scratching process, since
the tip atoms are continuously falling into interlocking geometries at different positions of the
graphene layer, posing a greater chance to break the C-C bonds of graphene. In contrast, the
chances for atomic interlocking and pushing are much less for pure indentation due to the lack
of interfacial sliding process. As the tip atoms may fall into different interlocking geometries
with different GBs of the graphene layer, scanning along different lines and indenting at
different points could produce small variations of critical normal load as shown in Table S1
and S2. The interlocking-pushing behavior also happens in armchair-oriented GB models (see
16

detail in Supporting Information section 4).

Fig.6. Snapshots of specific tip atoms (red) and carbon atoms (blue and yellow) of graphene
with ZZ-132 GB during tip shearing at the load of 370 nN. Yellow color, black dotted circles
and dashed arrows help track the bond-breaking. The force exerted from the specific tip atoms
on yellow atoms are given.

3.3 Mitigating the weakening effects of the low-angle GBs

From the above discussions, wear resistance of the graphene layers with large-angle GBs is
almost comparable to that of the pristine graphene, whereas the low-angle GBs, however,
significantly deteriorate the performance of the graphene coatings. Therefore, minimizing the
weakening effects of the low-angle GBs is important in order to improve graphene coating
quality for potential applications. One way is to increase its interfacial adhesion to the substrate.
In the above simulations, the Lennard-Jones parameters give the work of adhesion of 0.094
17

J/m2, which is close to 0.096 J/ m2 between pristine graphene and SiO2 in the experiments[47].
Here, we supplemented three additional cases with different work of adhesion, 0.039 J/m2, 0.23
J/m2 and 0.75 J/m2 for low-angle GBs of ZZ-51. It is shown in Fig.7 that the critical normal
load for wear increases with the work of adhesion between the ZZ-51 graphene and substrate.
Similar effects of substrate adhesion have been observed for graphene layer with AC-179 GB.
As discussed in Section 3.1, wear resistance of the GB is related to the number of the long
bonds at the contact region. We counted the number of the long bonds during the scratching for
different adhesion energies at the same normal load. It is demonstrated in Fig. 8a that the
number of the long bonds roughly decreases with the increasing interfacial strength during the
tip scratching process. This is because the higher adhesion between the ZZ-51 graphene and
substrate results in the lower indenting depth of the tip as shown in Fig.8b, and therefore the
larger deformation of the graphene layer. The average depth of the tip for the work of adhesion
of 0.75 J/m2 at 300 nN is 0.16 nm lower than that of 0.039 J/m2 before scratching as shown in
Fig.8b. Besides, the number of the long bonds increases rapidly for different adhesion energies
after the tip reaches to the GB as shown in Fig. 8a, indicating that the GB is still the weak point
of the graphene regardless of the interfacial strength. Another possible reason can be deduced
from Fig.7, which indicates that the increase of the work of adhesion could lower the average
heights of the GB buckling considerably. The higher GB buckling could be more harmful to
the wear resistance of graphene. Similar findings have also been reported previously that
graphene wear starts from wrinkles, as wrinkles lead to the increase of the friction forces due
18

to the puckering effect [11]. Many methods have been proposed to increase the graphenesubstrate strength, such as plasma treatment [53] and deposition of graphene on mica [4].

Fig.7. Critical normal load and average height of GB buckling with respect to work of adhesion
between graphene with ZZ-51 and substrate.

Fig. 8. (a)Variations of the long bonds in the contact region for ZZ-51 with four different
adhesion (0.039 J/m2, 0.094 J/m2, 0.23 J/m2 and 0.75 J/m2.). (b) Indenting depth of the tip with
respect to work of adhesion between graphene with ZZ-51 and substrate. The normal load is
300 nN.
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4. Conclusion

In conclusion, the wear mechanism of graphene with GBs was investigated by using largescale atomistic simulations. We manifested the synergetic actions of interlocking and pushing
between the tip and graphene atoms during the scratching across the GBs, which accompany
the large instantaneous force on the graphene atoms and the movement of the carbon chain
both contributing to the C-C bond breaking. Due to the lack of interfacial sliding process for
pure indentation upon the GBs, the graphene with the GBs survives at much larger loads.
Furthermore, wear resistance is closely related to the misorientation angle of GBs. The
graphene with the low-angle GBs could lead to a significant reduction in critical normal load
for wear failure as compared with pristine graphene, while wear resistance of graphene with
the large-angle GBs is comparable to but slightly lower than that of pristine graphene. In
contrast to the large-angle GBs, the low-angle GBs weaken wear resistance of graphene more
severely owing to the presence of more long bonds in the vicinity of the GBs during the
scratching process. It should be mentioned that besides the misorientation angle between the
grains, the orientation of bicrystal graphene itself (e.g. armchair- or zigzag-oriented GB) also
affects the wear resistance. In addition, it has been demonstrated that strengthening the
interfacial interaction between the graphene and underlying substrate is a feasible method to
mitigate the weakening effects on wear resistance as both buckling of the low-angle GBs and
the number of the long bonds reduce. Our findings highlight the importance of controlling the
microstructure, e.g. the low-angle GBs, to improve wear resistance of graphene coating.
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